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The purpose of this study was to quantify the horizontal and vertical velocities of the body 
mass center produced by the lower limb muscles during vertical and forward jumps. 
Vertical and forward jumps were simulated using a model of the musculoskeletal system 
consisting of four rigid segments actuated by six leg muscles. It was found that most of 
the vertical velocity of the body mass center was produced by the soleus and 
gastrocnemius in both jump conditions. The horizontal velocity at take-off was larger for 
the forward jump, caused by a larger forward velocity produced by the hamstrings, 
soleus, and gastrocnemius and a smaller backward velocity produced by the vasti and 
rectus femoris. The force development patterns were different only in the hamstrings and 
rectus femoris, indicating that these bi-articular muscles may play an important role in the 
control of jumping direction.
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INTRODUCTION: Jump motion is one of the most fundamental motion techniques for 
humans. To jump higher or further, we need to produce a greater velocity of the mass center 
of the body until take-off. Because the lower limb joint moments caused by muscle forces 
produce most of the velocity of the body mass center, some studies have investigated the 
roles of lower limb joints using kinematic, kinetic, and electromyographic measurements 
(Fukashiro et al., 2005; Robertson and Fleming, 1987). In addition, Ridderikhoff et al. (1999) 
and Nagano et al. (2007) investigated the differences in joint kinetics and muscle activities 
between vertical and forward jumps using a computer simulation technique. These studies 
have identified the changes in the joint kinetics and muscle activities of the lower limb with 
jumping direction but have not demonstrated how these differences affected the production 
of the body mass center velocity and the control of jumping direction. The purpose of this 
study was to quantify the horizontal and vertical velocity of the body mass center produced 
by the lower limb muscles during vertical and forward jumps.
METHODS: Vertical (VJ) and forward squat jumps (FJ) were simulated using a forward 
dynamic model of the musculoskeletal system (Fig. 1). The musculoskeletal system 
consisted of four rigid segments (head-arms-trunk, thighs, shanks, and feet) connected with 
hinge joints. In this model, six muscle-tendon complexes (gluteus maximus (GLU),
hamstrings (HAM), vasti (VAS), rectus femoris (REC), soleus (SOL), and gastrocnemius 
(GAS)) were implemented. A Hill-type muscle model consisting of a contractile element, a 
series elastic element, and a parallel elastic element was used to represent each of these six 
muscle-tendon complexes. Activation dynamics of muscles were modeled according to 
Hatze (1981) and Bobbert & van Zandwijk (1999). The stimulation of each muscle was 
increased toward its maximum of 1.0 and 
subsequently decreased toward its minimum 
of 0.
For simulation of the VJ, the initial body 
configuration was set as follows: (1) the hip 
and knee joints were flexed 90 degrees and 
the ankle joint was dorsiflexed 20 degrees
from the upstanding position; and (2) all 
segments were rotated to make the vector 
from the center of pressure to the mass Model of the musculoskeletal system used in this study and the body configurations at the start of vertical and forward jumps.
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center of body (Vmcb) vertical (Fig. 1). The initial activation level of each muscle was 
determined to keep the initial body configuration. The stimulation onset and offset times of 
each muscle were optimized to obtain the maximum jump height.
For the FJ, the initial joint angles and muscle activities were the same as in the VJ. However, 
the angle of Vmcb relative to the vertical axis at the start of simulation was changed from 5 to 
40 degrees, and simulations were performed every 5 degrees (i.e., 8 jumps were simulated 
in total). As with VJ, the stimulation onset and offset times of each muscle were optimized to 
maximize the jump distance. Because the maximum horizontal distance was observed at 25 
degrees, this value was chosen for FJ.
For the obtained VJ and FJ, the horizontal and vertical velocities of the body mass center
produced by the six muscles were calculated according to Koike et al. (2007).
RESULTS: Stick diagrams and the vector of the body mass center velocity for the simulated 
VJ and FJ are presented in Fig. 2. The horizontal and vertical velocities of the body mass 
center at take-off were 0.0 m/s and 2.4 m/s for VJ and 2.3 m/s and 1.9 m/s for FJ, 
respectively. The vertical velocity was larger for VJ, and the forward velocity was larger for 
FJ.
Fig. 3 presents the changes in the muscle force development for the VJ and FJ. There were 
marked differences in the force development of the HAM and REC between the VJ and FJ, 
whereas no marked differences were observed in the other muscles. The muscle force of the 
HAM was larger for VJ at the beginning of the jump motion, but it then became larger for FJ. 
The REC produced more force in the VJ than in the FJ.
Fig. 4 presents the horizontal and vertical velocities of the body mass center produced by the 
six muscles. The forward velocities produced by the HAM (VJ, 0.43 m/s; FJ, 0.87 m/s), SOL
(VJ, 0.70 m/s; FJ, 1.68 m/s), and GAS (VJ, 0.43 m/s; FJ, 1.02 m/s) were smaller and the 
backward velocities produced by the VAS (VJ, -1.31 m/s; FJ, -1.10 m/s) and REC (VJ, -0.43 
m/s; FJ, -0.17 m/s) were larger for the VJ than for the FJ.
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DISCUSSION: For both the FJ and VJ, most of the vertical velocity was produced by the 
SOL and GAS. Because the produced vertical velocities were larger for VJ than for FJ, the 
vertical velocity of the body mass center at take-off was also larger for VJ. The SOL and 
GAS also produced forward velocities, as well as the HAM, and all of them were larger for 
FJ. In addition, the backward velocities produced by the VAS and REC were smaller for FJ 
than for VJ, so that the horizontal velocity of the body mass center at take-off was larger for 
FJ. While the produced velocities of the lower limb muscles were different between VJ and 
FJ, the patterns of force developments of these muscles were similar to each other, except 
for the HAM and REC. These results indicate that the differences in the produced velocity 
could be caused by the body configuration. The body configuration at the start of the 
simulation leaned more forward for FJ, so that the muscle forces were effectively converted
to the forward velocity.
In this study, the force development of the bi-articular HAM and REC were different between 
VJ and FJ. These results are consistent with the findings of a previous study (Fukashiro et 
al., 2005) that compared the electromyography findings of VJ and FJ and reported that HAM 
activity was lower and REC activity was higher for VJ. For both VJ and FJ, the HAM 
produced forward velocity and the REC produced backward velocity, and both of these 
muscles slightly accelerated the body mass center in the vertical direction. The results of this 
study and a previous study thus indicate that the HAM and REC could play an important role 
in the control of jumping direction.
CONCLUSION: In this study, we estimated the contributions of lower limb muscles to the 
horizontal and vertical velocity of body mass center. While the force developments of most 
muscles were similar between the two jump conditions, the produced velocities were different 
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because of the body configuration. In addition, only the HAM and REC showed different force 
development patterns between VJ and FJ, indicating that the HAM and REC could play an 
important role in the control of jumping direction.
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